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Abstract

Ž .A new technique has been applied to coincidence measurements between fission fragments FF and intermediate mass
Ž . 149fragments IMF emitted from the composite system Tb at an excitation energy of 224 MeV. The method permits65

simultaneous observation of IMF emissions along and normal to the FF separation axes. For the integrated total of 0.10"

0.02 IMF emitted per fission, we find no significant correlation with FF direction, suggesting that IMFs associated with
fission reactions are predominantly emitted from the system prior to fission. q 2000 Elsevier Science B.V. All rights
reserved.
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Many studies utilizing heavy-ion-induced nuclear
reactions have probed various aspects of the forma-
tion and decay of the composite nuclear system
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149Tb, as representative of the behavior of nuclear65

matter at high excitation energy and angular momen-
w xtum 1–9 . Produced via several different entrance

channels, the 149 Tb) de-excitation modes involving
w x Ž .fission 1,8 , light-charged-particle lcp evaporation

w x Ž .1,2,8,9 , and intermediate-mass-fragment IMF
w xemission 3–7 have been investigated in the excita-

tion energy range E) s130–240 MeV. The present
work was undertaken to address the origins of IMF
production by employing a new kinematic technique,
to be described below, and to determine if ternary

0370-2693r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 00 00407-X



( )E. Vardaci et al.rPhysics Letters B 480 2000 239–244240

fragmentation, or IMF emission from the ‘‘neck’’
region between separating fission fragments, was a
major contributing mechanism.

The experiment utilized the SuperHILAC acceler-
ator facility of the Lawrence Berkeley Laboratory to
induce the reaction 856 MeV 98 Mo q 51V ™
149 Tb) , an entrance channel not previously studied.
We were interested in measuring the coincidences

Ž .and correlations between fission fragments FF and
IMFs, neither of which had large production cross
sections. Hence, to enhance the coincidence effi-

Ž .ciency, heavy trigger fission fragments were de-
tected in an array of four gas-ionization telescopes
Ž .GT , each at 188 to the beam in the forward hemi-

Žsphere two in the horizontal plane containing the
beam and two in the vertical plane, located above

.and below the beam . In addition to the GTs, the
experiment employed two ‘‘Wedge’’ counters, each
consisting of five Si stopping detectors spaced at 108

intervals, with a common gas-ionization chamber for
DE measurements. These counters were placed sym-
metrically to subtend the angles 388–788 on either
side of the beam in the horizontal plane. Because of
the gas DE section, these Wedge detectors had
rather low detection thresholds, permitting energy
spectral and angular distribution measurements of

Ž 4 .IMF emissions as well as He particles to be made
down to relatively low energies. Each of the output
signals from the Wedge counters and the GTs was
split and directed to two separate amplifiers operated
at high and low gain, respectively. In this manner,
the experiment had sufficient dynamic range to record
fission fragments, IMFs, and alpha particles in each
of the detectors.

Fig. 1 shows representative inclusive energy spec-
Ž .tra for Z identified C fragments Z s 6 , observed

at three angles. The left panel gives the spectra in the
laboratory frame, and the right panel displays the
same data after event-by-event transformation to the
c.m. frame. These spectra are typical of those ob-
served for other IMFs in this experiment. Examina-
tion of Fig. 1 indicates at least two components in
the spectra, which we shall denote as ‘‘high energy’’
or ‘‘low energy’’ groups, respectively. The high
energy group is the dominant feature in the spectra,
and exhibits c.m. energy invariance with c.m. angle.
The low energy group increases in relative magni-
tude with increasing angle, and decreases rapidly

Fig. 1. Representative inclusive energy spectra for Z identified C
Ž .fragments Z s 6 observed at three angles as indicated. The left

panel gives the spectra in the laboratory frame, and the right panel
displays the same data after event-by-event transformation to the
c.m. frame.

with increasing Z of the IMF. Most of the observed
IMFs are not associated with fission reactions, but
those that are come from both the high energy and
low energy IMF groups.

In this communication we focus primarily on the
IMF-fission coincidence data and the results derived
from them using a new analytical technique associ-

w xated with strongly-reversed kinematics 10,11 . Suc-
ceeding publications will present the large body of

Žinclusive IMF data energy spectra, angular distribu-
.tions, and cross sections for Z identified IMFs , as

well as the 4 He-fission coincidence results.
For the current study we selected the entrance

channel 856 MeV 98 Mo q 51V, which produces the
149 Tb composite system at an excitation energy E)

s224 MeV. Reaction-simulation calculations had
indicated specific kinematic properties for this chan-
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nel, which can be exploited in the present applica-
tion. The reaction involves strongly-reversed kine-
matics, which gives rise to two sets of FF energy
spectra in a single detector at accessible forward

Ž .angles, corresponding to the two unrelated c.m.
emission angles which happen by kinematics to ap-
pear at the same laboratory angle but with different

w x Ženergies 10 . The two FF energies E s444 MeVf 1
.and E s118 MeV at 188 should be easily resolv-f 2

able in our GT detectors, and at a lab angle of 188

the kinematics determines that the two FF c.m. emis-
sion angles are separated by ;908. Therefore, coin-
cidence measurements between FF and IMF particles
will provide simultaneous observations, in the same
detectors, of the correlations with respect to two
orthogonal fission axes. This situation is illustrated
in Fig. 2, where we present velocity-vector diagrams
for fission and IMF emission in the 98 Mo q 51V
reaction. In these figures, V is the velocity of thec

center-of-mass, and f and f are the velocities of1 2

two fission fragments whose c.m. emission angles
Ž .and energies direct them into the same detector GT

at 188. The partner fragments of f and f are1 2

undetected, and are represented by the dashed ar-
rows, respectively. Typical IMF velocity vectors are

Žindicated as originating from the center-of-mass e.g.,
.as a third body accompanying two fission fragments .

As the c.m. emission angles of f and f are sepa-1 2

rated by 908, it should be possible, by post-experi-
ment software gating on the two FF groups, to
compare directly the IMF coincidence rates in appro-
priately placed detectors for particles emitted along
and perpendicular to the scission direction. In effect,
one has the ability to rotate the fission axis by 908,
and intensity comparisons can be made in the same
detectors, without the additional uncertainties from
different detector calibrations.

The three diagrams in Fig. 2 correspond to the
three different geometries allowed by our experiment

Ž .for FF-IMF coincident pairs. In Fig. 2 a , a fission
fragment is detected in GT-2 at y188, in coinci-

Ž .dence with an IMF in one or more of the detectors
at 188, 388, 488, 588, 688, or 788. Thus, the FF and
IMF are coplanar, and on opposite sides of the beam.
By gating on the f signals in GT-2, coincident1

particles emitted normal to the fission axis will be
preferentially observed in the more forward IMF
detectors, and those emitted along the fission direc-

Fig. 2. Vector diagrams indicating expected average emission and
detection velocities for first and second solution fission fragments,

Ž .f and f , and IMFs, when a the FF and IMF are detected on1 2
Ž .opposite sides of the beam; b the FF and IMF are detected on

Ž .the same side of the beam; and c the FF and IMF are detected in
orthogonal planes. The dashed arrows represent the complemen-

Ž .tary undetected partner fission fragments, and the relevant detec-
tor angles are indicated.
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tion will be favored in the more backward IMF
detectors. On the other hand, selection of f signals2

in GT-2 as the coincidence trigger requirement will
enhance perpendicular emissions in the more back-
ward IMF detectors, and focus axial particle emis-
sions into the more forward detectors. For those
IMFs whose emissions are uncorrelated with the FF
direction, one would expect rather flat angular distri-
butions for both f and f triggers, since the IMF1 2

detectors are all coplanar with the FF trigger detec-
tor.

Ž .In Fig. 2 b , GT-1 serves as the FF trigger detec-
tor, and hence is on the same side of the beam as the
IMF detectors. Here detection of f fragments in1

GT-1 results in coincident particles being directed
preferentially backward if they are emitted normal
to the FF axis, and more forward if emitted along
the FF axis. Selection of f events in the GT-12

trigger reverses the predictions for perpendicular
and axial emissions. Thus the coincident geometries

Ž . Ž .illustrated in Figs. 2 a and 2 b have the effect of
interchanging the predictions for IMF intensities as-
sociated with the selection of f or f triggers. This1 2

provides a very powerful test which can be applied
to the experimental IMFrFF coincidence data. Just

Ž . Ž .as in Fig. 2 a , the configuration in Fig. 2 b predicts
flat angular distributions for uncorrelated IMFs, in-
dependent of the f or f trigger selections.1 2

Ž .Finally, the diagram in Fig. 2 c represents a
configuration in which the FF trigger detector is in a
plane normal to the IMF detectors. In this geometry,
detection of a fission fragment localizes the initial

Žangular momentum of the composite system prior to
.fission or particle emission in the direction normal

to the beam and contained in the plane of the IMF
detectors. Thus the spin-driven emission of IMFs
will have maximum probability at 908 to the spin
direction, and will decrease monotonically as the

w xangle with respect to the spin decreases 12 . Any
correlation between IMF emission and the fission
axis will appear superimposed on this distribution,
and should be detectable as differences associated
with the f or f trigger selections.1 2

Let us now consider the experimental data. In this
experiment we have arbitrarily taken IMFs to be
fragments with Z in the range 3–23, and have opera-
tionally defined the fission fragment region to be Z

Žs 24–40. It should be noted, however, that there is

no discontinuity in crossing from one region into the
. 98 51other. For the Mo q V reaction studied here,

Ž .we measured inclusive integrated cross sections to
be 442"40 mb for fission and 274"25 mb for

w xIMF production 13 . For comparison, the inclusive
Ž . 4integrated He emission cross section is 1172"59
mb. The Z-identified IMFs exhibited inclusive angu-
lar distributions and energy spectra characteristic of

w xstatistical emissions from an equilibrated source 13 .
The coincidence measurements between IMFs and
fission fragments comprise a data set which repre-
sents a subset of reactions in which at least three
significant bodies are present in the final state - a
detected IMF, a detected fission fragment, and an

Ž .undetected fission fragment. The total integrated
IMFrfission coincidence yield was determined as
44.2"9.7 mb. This means that 44.2"9.7 mb of

Ž .IMF production Z s 3–23 is in association with
Ž .442"40 mb of fission Z s 24–40 , or, on aver-

age, there is 0.10"0.02 IMF produced per fission
decay. Comparing the derived IMF yield associated
with fission to the inclusive IMF yield, we see that
only about 16% of the IMF production is fission

Ž .related, implying that the bulk 84% of IMFs origi-
nate in reactions which do not lead to two ‘‘normal’’

Žfission fragments along with the IMF. These latter
IMFs result from binary fragmentation processes of
evaporation-like or asymmetric-fission-like character
w x .13 . It is, however, the 16% of fission-associated
IMFs that we shall focus on here.

The experimental IMFrfission coincidence re-
sults are shown in Fig. 3. Each part of this figure,
Ž . Ž . Ž .a , b , and c , presents data derived, respectively,
from the corresponding configuration represented in

Ž . ŽFig. 2. In Fig. 3 a we give the IMF multiplicity the
IMF-fission cross section divided by the fission sin-

.gles cross section at the same trigger angle as a
function of the IMF c.m. angle. The fission fragment
trigger angle was 188, in the same plane as the IMF
detectors, but on the opposite side of the beam. The
filled and open squares are, respectively, the IMF
multiplicities gated by first and second fission-frag-
ment solutions in the trigger detector. Because the
absolute differential cross sections for first and sec-
ond fragment solutions are very different, it is neces-
sary to compare multiplicities to have the two data

Ž .sets on an equal footing. In Fig. 3 b , the data
representation is the same, except that the fission-
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Fig. 3. Experimentally measured IMF-FF angular correlations for
the three detector configurations represented by the corresponding
vector diagrams in Fig. 2. The IMF-fission coincidences triggered
by first and second FF solutions are indicated by filled and open
data points, respectively. The error bars are statistical only.

fragment trigger detector is now on the same side of
the beam as the IMF detectors. In these figures,
average c.m. angles were determined on an event-
by-event basis by first transforming individual lab
velocities and then averaging the derived c.m. an-

Ž .gles. Data from the 788 lab detectors have not been

included, since very few events were observed at this
kinematically restricted angle.

Ž . Ž .From the results in Figs. 3 a and 3 b , we may
draw two important conclusions. First, the excellent
agreement in IMF multiplicities between the open
and filled points, corresponding to the two fission-
fragment solutions with very different Jacobians,
strongly indicates that our analysis and implementa-
tion of the double-solution trigger technique has
been carried out correctly. Secondly, within the sta-
tistical uncertainties of the present data sets, there are
no distinguishable differences between IMF multi-
plicities gated by first and second solution fission-
fragment triggers. This implies the absence of a
significant correlation between IMF emission direc-
tion and the fission axis.

Ž .Fig. 3 c shows the IMF-fission correlation for a
FF trigger at 188 to the beam, but in a plane perpen-
dicular to the IMF detectors, as represented by the

Ž .diagram in Fig. 2 c . The angle f is the IMF
detection angle with respect to the initial spin of the

Ž .system as determined by the trigger detector . The
IMF-fission coincidences triggered by first and sec-
ond FF solutions are indicated by filled and open
data points, respectively. The solid curve is a theoret-

Žically predicted function based upon the statistical
.model , fitted to the data, and involves no correlation

between IMF and FF directions other than that aris-
w xing from the initial spin direction 12 . The excellent

agreement between the calculation and both sets of
coincidence data strongly suggests that most of the
IMF emission associated with fission reactions oc-
curs prior to the fission act itself, and therefore has
no relation to the specific fission-axis direction. One
should note that this conclusion from the comparison

Ž .in Fig. 3 c , while in agreement with that drawn
Ž . Ž .from Figs. 3 a and 3 b , is essentially based on an

independent argument.
Several studies have reported measurements of

w xIMFs in association with fission 5,14–17 . Some of
these involved highly fissionable targets bombarded

w xwith light projectiles 15–17 , leading to a distribu-
tion of initial excitation energies, while others fo-
cussed on peripheral collisions between two heavy

w xnuclei 14 . While these experiments observed IMFs
both correlated and uncorrelated with the fission
axes, the IMF yields were much smaller than in the
present work and originate in reactions which are
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quite different, even though the excitation energies
may be comparable. Studies of symmetric systems at

w xsubstantially higher energies 18,19 have associated
three body events with sequential fission following a
binary deep-inelastic interaction. In the 98 Mo q 51V

Ž .reaction studied here ErAs8.7 MeV , complete
fusion is essentially a requisite for the occurrence of
fission, due to the strong dependence of fission
probability on nuclear charge in this mass and en-
ergy region. A more closely related investigation is

86 63 w xthat of the Kr q Cu reaction 5 , which produced
the same compound nucleus, 149 Tb, at E) s194
MeV. In that work, the analyses of inclusive IMF
spectra compared to coincidence spectra suggested

Žthe major IMF yield originated in two-body non-fis-
.sion-associated breakup, with a second pathway cor-

responding to IMF ejection followed by sequential
fission. Our present results derived via a different
technique and arguments, are in excellent agreement

w xwith these conclusions from 5 . However, we find
Ž .no evidence from Fig. 3 c to support a pathway of

simultaneous three-body breakup, as has been sug-
w xgested 5 for the low energy group component in the

IMF spectra. It is also noteworthy that the IMF
inclusive cross sections are very similar in the two
studies, indicating a significant independence of en-
trance-channel asymmetry.
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